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SUMMARY 
 

Animals, ranging from basal metazoans to primates, are engaged in 
symbiotic relationships with complex microbial ecosystems. These 
resident microbes influence fitness and thus ecologically important 
traits of their hosts, ultimately forming a meta-organism consisting of 
a multicellular host and a community of associated microorganisms. 
The evolutionary dynamics within such a meta-organism and the in-
volved molecular interactions are rather complex and often difficult to 
investigate experimentally. Untangling the complex interactions re-
quires simple animal models with only a few specific symbiotic part-
ners. Here we show that organisms on at the base of the evolutionary 
scale such as the freshwater polyp Hydra may be key to dissecting the 
fundamental principles that underlie all host-microbe interactions.  

 
 

FROM KARL AUGUST MÖBIUS TO  
THE HOLOGENOME THEORY OF EVOLUTION 

 
In 1877, Karl Möbius, Professor of 
Zoology at Kiel University, coined the 
term “biocoenosis” for a community of 
living beings belonging to different 
species and associated by way of inter-
species interdependence. In one of the 
first studies, later to become a classic, 
to be conducted in the emerging sci-
ence of ecology, Möbius was seeking 
to determine why some oyster beds in 
the Atlantic were becoming exhausted, 
while the oyster beds in the British 
river estuaries and the Schleswig-Hol-
stein oyster beds were very rich 
(Möbius, 1877). He related this phe-
nomenon to the other species present, 
rather than to the oysters in the beds 
themselves. Möbius thus was the first 
to recognise that an ecological system 
must be taken as a whole and coined 
the term "biocoenosis" for a living 
community. About a hundred years 

later it became obvious that not only 
ecological systems but also complex 
“environmental” diseases can only be 
understood if the relationships between 
the interacting infectious agents present 
at a given time in a given territory are 
recognized. By analogy with “bio-
coenosis”, the understanding of a dis-
ease as a complex dynamic phenome-
non was conceptualized with the word 
“pathocoenosis” (Grmek, 1969).  

Today we realize that all epithelia 
in animals are colonized by microbial 
communities and that, therefore, any 
multicellular organism must be consid-
ered a meta-organism comprised of the 
macroscopic host and synergistic inter-
dependence with bacteria, archaea, 
fungi, and numerous other microbial 
and eukaryotic species. The «meta-
organism» concept (Bosch and McFall-
Ngai, 2011) considers the dynamic 
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Figure 1: Cnidaria are a sister group of all Bilateria. 
A: Phylogeny of basal metazoan animals.
B: Hydra oligactis (taken from Fraune and Bosch, 2007). 
C: Hydractinia milleri (printed with permission from Gary McDonald).
D: Blue coral (taken from http://www.jcu.edu.au/cgc/CoralGenomicsHP.html).
E: Hydra viridis with Chlorella symbionts.
F: Phase-contrast micrograph of Hydra viridis. 
G: Fluorescence microscopy of the same area shown in F. Chlorella algae appears red, Hydra 
tissue green. 
H: Phase contrast micrograph of a single macerated endodermal epithelial cell containing symbi-
otic algae in the basal part below the nucleus (stained blue) (F-H taken from Habetha et al 2003). 

communities of bacteria on epithelial are not solitary, homogenous entities 
surfaces as an integral part of the func- but consist of complex communities of 
tionality of the respective organism it- many species that likely evolved during 
self. Today there is also an increasing a billion years of coexistence led to the 
appreciation that microbes are an es- hologenome theory of evolution 
sential part of the animal phenotype (Rosenberg et al., 2007, 2009; Zilber-
influencing fitness and thus ecologi- Rosenberg and Rosenberg, 2008)
cally-important traits of their hosts which considers the holobiont with its 
(O'Hara and Shanahan, 2006; McFall- hologenome as the unit of selection in 
Ngai, 2007; Fraune and Bosch, 2010). evolution. Thus, modern symbiosis re-
Disease onset is seen as a complex set search has become an emerging cross-
of interactions among a variety of asso- disciplinary field focused on under-
ciated partners that affect the fitness of standing the general principles by
the collective holobiont (Rosenstiel et which these complex host-microbe 
al., 2009). Discovering that individuals communities function and evolve. 
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What is the complexity in species num-
ber and structural organization of these 
associations? What is the physiological 
role of temporal differences of associ-
ated microbiota during life cycles?
Which selective forces drive the evolu-
tion of these interactions, i.e. how do 
the associated organisms influence 
each other's fitness? Which forces 
shape the colonizing microbial compo-

sition? Finally, what are the conse-
quences of the associations on molecu-
lar pathways and the reactive genomes?
Here we show that for addressing these 
questions and untangling the complex 
interactions that influence the host’s 
health and development, members of 
the ancient animal phylum Cnidaria 
may serve as simple but highly in-
formative models. 

THE HYDRA HOLOBIONT 


Hydra is member of the animal phylum 
Cnidaria which are not only among the 
earliest known phyletic lineages known 
to contain stem cells (Figure 1A) but 
also possess most of the gene families 
found in bilaterians and have retained 
many ancestral genes that have been 
lost in Drosophila and C. elegans
(Kortschak et al., 2003; Miller et al., 
2005; Technau et al., 2005; Putnam et 
al., 2007; Hemmrich et al., 2012). 
Similar to other animals, Cnidaria are 
complex holobionts consisting of the 
animal and its associated endogenous 
microbiota. Inter-species interactions in 
several Cnidaria species (Figure 1A-
1D) between symbiotic algae and host 
cells have been the subject of research 
since decades since they not only pro-
vide insights into the basic "tool kit" 
necessary to establish symbiotic inter-
actions, but are also of relevance in un-
derstanding the resulting evolutionary 
selection processes (e.g. Muscatine and 
Lenhoff, 1963; Pool, 1979; Thorington
and Margulis, 1981; O'Brien, 1982; for 
review see: Bosch, 2012a). In the 
meantime it is becoming evident that in 
Cnidaria such as green Hydra viridis 
(Figure 1E-1H) or many coral species, 
a long term persistence of mutualistic 
associations is prevalent not only in 

two-party interactions of polyp and 
symbiotic algae, but also in more com-
plex systems comprising three or more 
associates including bacteria and vi-
ruses (Bosch, 2012a, 2012b). Thus, be-
side photosynthetic algae (Figure 1G-
1H), bacteria are another important
component of the cnidarian holobiont. 
In Hydra, the 36 identified bacterial 
phylotypes represent three different 
bacterial divisions and are dominated 
by Proteobacteria and Bacteroidetes 
(Fraune and Bosch, 2007, 2010). Dis-
turbance or shifts in any of these part-
ners can compromise the health of the 
whole animal (Fraune et al., 2009).
Loss of symbiotic algae from coral tis-
sues, for example, can lead to coral 
bleaching and death. Since healthy in-
dividuals of the same coral species
from different location are colonized 
by similar bacterial communities 
(Rohwer et al., 2002) but diseased or 
bleached corals contain changed bacte-
rial communities that differ greatly
from healthy ones (Ritchie, 2006; 
Rosenberg et al., 2007), it seems that 
similar to complex “environmental” 
diseases in human, understanding dis-
eases within corals requires an in-depth 
knowledge of the basic biology of each 
holobiont member. 
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Figure 2: Hydra polyps are colonized by species-specific microbiota. A: Bacterial communities 
identified from four different Hydra species. B: Comparison of the phylogenetic tree from Hydra
and the environmental cluster tree of the corresponding microbiota. 

THE HOST ACTIVELY SHAPES THE COLONIZING MICROBIOTA 

For decades a number of Hydra species cific microbial communities over long 
have been cultivated under standard periods of time. Bacteria in Hydra are 
conditions at constant temperature and specific for any given species (Figure 
identical food. It came as a complete 2A) (Fraune and Bosch, 2007; Fraune 
surprise, therefore, that examining the et al., 2010). Closely related Hydra 
microbiota in different Hydra species species as Hydra vulgaris and Hydra
kept in the laboratory for more than 20 magnipapillata are associated with a 
years under controlled conditions re- very similar microbial community. In 
vealed an epithelium colonized by a contrast, Hydra oligactis, the most ba-
complex community of microbes, and sal Hydra species analysed so far 
that individuals from different species (Hemmrich et al., 2007), is associated 
differed greatly in their microbiota. with the most distinct microbial com-
Even more astonishing was the finding munity compared to the other Hydra 
that individuals living in the wild were species. In line with this, comparing the 
colonized by a group of microbes that phylogenetic tree of the Hydra species 
is similar to that in polyps grown in the with the according cluster tree of asso-
lab, pointing to the maintenance of spe- ciated bacterial communities reveals a 
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very similar microbial community. In 
contrast, Hydra oligactis, the most ba-
sal Hydra species analysed so far 
(Hemmrich et al., 2007), is associated 
with the most distinct microbial com-
munity compared to the other Hydra 
species. In line with this, comparing the 
phylogenetic tree of the Hydra species 
with the according cluster tree of asso-

ciated bacterial communities reveals a 
high degree of congruency (Figure 2B). 
This strongly indicates that distinct 
selective pressures are imposed on and 
within the Hydra epithelium. The 
forces that shape the colonizing micro-
bial composition are the focus of much 
current investigation (Bevins and Salz-
man, 2011). 

HOW DOES THE HOST CONTROL THE MICROBIOTA IN  

THE CONTEXT OF SPECIFIC DEVELOPMENTAL  


OR ENVIRONMENTAL CONDITIONS? 


In the same way that microbial com-
munities are expected to change in dif-
ferent parts of a body, they are also dy-
namic in time. For a first understanding 
of the temporal dynamics in Hydra-mi-
crobe interactions we investigated the 
establishment of the microbiota during 
oogenesis and embryogenesis. Early 
embryonic stages in Hydra are colo-
nized by a limited number of microbes 
(Fraune et al., 2010). During embryo-
genesis the number of bacterial colo-
nizers changes in number and composi-
tion. For example, Curvibacter-related 
Betaproteobacteria are present only in 
late developmental stages while they 
appear to be absent in the early em-
bryo. Thus, early developmental stages 
have a microbiota that is clearly dis-
tinct from later developmental stages. 
Interestingly, the differential coloniza-
tion is reflected in differences in anti-
microbial activity. Hydra embryos are 
protected by a maternally produced 
antimicrobial peptide (AMP) of the 
periculin peptide family, which con-
trols the establishment of the microbi-
ota during embryogenesis. Beginning 
with the gastrula stage, Hydra embryos 
express a set of periculin peptides 
(periculin 2a and 2b), which replaces 
the maternal produced periculin pep-
tides 1a and 1b. This shift in the ex-
pression within the periculin peptide 

family represents a shift from maternal 
to zygotic protection of the embryo 
(Fraune et al., 2011). In adult Hydra 
polyps, additional AMPs including hy-
dramacin (Bosch et al., 2009) and ar-
minin (Augustin et al., 2009) contribute 
to the host-derived control of bacterial 
colonization. 

After hatching from the “cutical” 
stage the Hydra polyps get colonized 
by its specific bacterial community.
The processes controlling community 
membership and influencing the estab-
lishment of the microbial ecosystem 
during development are poorly under-
stood. Therefore, the microbial com-
munities in polyps at various time 
points after hatching was profiled
(Franzenburg et al., 2013). Distinct 
features included high diversity of 
community profiles in the first week, 
followed by progressive emergence of 
a stable adult-like pattern characterized 
by low species diversity and the pre-
ponderance of the Betaproteobacterium 
Curvibacter. 

In adult Hydra polyps, additional 
AMPs including hydramacin (Bosch et 
al., 2009) and arminin (Augustin et al., 
2009) and the bacterial signalling via 
MyD88 (Franzenburg et al., 2012)
contribute to the host-derived control 
of bacterial colonization. 
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ANTIMICROBIAL PEPTIDES - KEY FACTORS 

FOR HOST-BACTERIA CO-EVOLUTION 


Antimicrobial peptides (AMPs) are 
known as prominent effector molecules 
which get often secreted after external 
stimuli. Do they have, in addition to 
their killing activity against pathogens, 
key regulatory functions in host-mi-
crobe homeostasis as the driving force 
that leads to changes in microbiota 
composition? To investigate whether 
the ectotopic expression of an AMP 
may affect the number and composition 
of the colonizing microbiota at the ec-
todermal epithelial surface, we gener-
ated transgenic Hydra expressing peri-
culin1a in ectoderm epithelial cells 
(Fraune et al., 2010). Comparing the 
bacterial load of these transgenic
polyps with that of wild-type control 
polyps revealed not only a significantly 
lower bacterial load in transgenic
polyps overexpressing periculin1a but 
also, unexpectedly, drastic changes in 
the bacterial community structure. 
Analysing the identity of the colonizing 
bacteria showed that the dominant β-
Proteobacteria decreased in number, 
whereas α-Proteobacteria were more 
prevalent. Thus, overexpression of 
periculin causes not only a decrease in 
the number of associated bacteria but 
also a changed bacterial composition. 
With the transgenic polyps overex-

pressing periculin we apparently have 
created a new holobiont that is different 
from all investigated Hydra species. 
From these results we assume that spe-
cific associations between hosts and 
bacteria are a result of bacterial adapta-
tion to different repertoires on AMPs in 
different host species. Evolutionary
changes in the AMP repertoire of host 
species, therefore, are expected to lead 
to changes in the composition of the 
associated bacterial community. Future 
efforts will be directed towards analys-
ing the performance of this new pheno-
type under different environmental 
conditions. Interestingly, patients with 
Crohn’s disease often have strongly
reduced α-defensin expression and 
drastically altered endogeneous micro-
biota (Wehkamp et al., 2005). Moreo-
ver, mice expressing human alpha-
defensin-5 (DEFA5) and mice lacking 
an enzyme required for the processing 
of mouse alpha-defensins show signifi-
cant changes in intestinal microbiota 
composition (Salzman et al., 2010). 
These findings support the view that 
epithelial-derived AMP may represent 
an important regulatory mechanism 
shaping the composition of epithelial 
microbiota. 

WHAT ARE THE MICROBES FOR? 


The intimacy of the interaction be-
tween host and microbiota, as well as 
the high evolutionary pressure to main-
tain a specific microbiota, points to the 
significance of the interkingdom asso-
ciation and implies that hosts deprived 
of their microbiota should be at a dis-
advantage. To investigate the effect of 
absence of microbiota in Hydra we 
have produced gnotobiotic Hydra 

polyps that are devoid of any bacteria. 
While morphologically no differences 
could be observed to control polyps, 
we are currently finding evidence that 
Hydra lacking bacteria suffer from fun-
gal infections unknown in normally
cultured polyps (Franzenburg, Fraune 
and Bosch, unpublished). Thus, do 
beneficial microbes associated with 
Hydra produce anti-fungal compounds? 
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Future efforts are directed towards iso-
lating the active substances from these 
bacteria that eventually may lead to the 
development of novel antimycotics.

Microbes also provide signals for 
multiple developmental steps. One of 
the most pervasive examples of micro-
bial impact in animal development is in 
the induction of settlement and meta-
morphosis of many marine invertebrate 
larvae (Hadfield, 2011). This transition 
is an absolute requirement for comple-
tion of the animal’s life cycle, and is 
dependent upon induction by exoge-
nous morphogenetic cues, many of 
which are produced by bacteria associ-
ated with a particular environmental 
surface. Hydractinia, for example,
(Figure 1C) a marine colonial Cnidaria 
frequently found in the North Sea, 
commonly covers shells inhabited by 
hermit crabs. Fertile colonies, male and 
female, produce eggs and sperm,
respectively, and within less than three 
days the fertilized egg develops into a 
mature planula larva. "Mature" larva 
means a larva that is able to metamor-
phose into a polyp, but under sterile 
laboratory conditions it will never do. 
It will rather die, as it is unable to take 
up food (Leitz and Wagner, 1993; Wal-
ther et al., 1996; Frank et al., 2001). To 

continue its development, it needs an 
external trigger that appears to be pro-
vided in the natural habitat by certain 
sedentary bacteria of the genus Alter-
omonas. A lipophilic substance pro-
duced by these bacteria is thought to 
act as this trigger (Leitz and Wagner, 
1993). The mechanisms by which Hy-
dractinia sense bacteria-derived envi-
ronmental cues to form colonies and to 
reproduce may provide crucial insights 
into the genetic and developmental
foundations of life cycles, but little is 
known about their natural history or 
biochemistry. Observations in a num-
ber of other invertebrates and verte-
brates strongly support the view that 
microbes should be considered partners 
in animal development. Bacterial con-
tributions are indispensable, for exam-
ple, in shaping the immune system and 
development of organs such as the 
vertebrate intestine or the squid light 
organ (reviewed in Fraune and Bosch, 
2010). Animal development has tradi-
tionally been viewed as an autonomous 
process directed by the genome. It 
seems that we have to rethink develop-
ment at least in part, as an orchestration 
of both animal-encoded ontogeny and 
inter-kingdom communication. 

THE HOLOBIONT IN A CONSTANTLY CHANGING ENVIRONMENT
 

The association between host and mi-
crobes is strongly affected by the envi-
ronment. To determine the impact of 
different environmental conditions on 
the bacterial community in Hydra, we 
cultured polyps, which were taken from 
the wild, for two months under stand-
ard laboratory conditions. Thereafter, 
we analysed the associated bacteria in 
comparison to the bacteria from polyps 
taken directly from the wild. Culturing 
of polyps from the wild under labora-
tory conditions involves a change in 
culture temperature, culture medium 

and food source. These changes have 
significant effects on the composition 
of the bacterial community. For exam-
ple, while one bacterial phylotype be-
longing to the α-Proteobacteria could 
be identified as the most dominant spe-
cies in long term culture, in polyps 
from the wild and two month after the 
shift to the laboratory this bacterium 
was present only in relative low abun-
dance (Fraune and Bosch, 2007). Other 
bacterial species completely disap-
peared from the tissue due to the 
change in culturing conditions. Thus, 
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Figure 3: The meta-organism under changing environmental conditions 

Hydra is not only associated with spe-
cies specific bacteria but also responds 
to changes in the environment with 
changes in the bacterial community. In 
sum, the holobiont appears to be a dy-
namic system being characterized by 
functional redundancy and fast adapta-
tions to altered environmental condi-
tions. 

Based on the holobiont concept,
Rosenberg and colleagues in 2007 pro-
posed that corals are able to adapt rap-
idly to changing environmental condi-
tions by altering their associated micro-
biota (Figure 3) (Rosenberg et al., 
2007). Depending on the variety of dif-
ferent niches provided by the host, 
which can change with developmental 
stage, diet or other environmental fac-
tors, a more or less diverse microbial 
community can be established within a 

given host species. Since this, for 
example, may provide corals with re-
sistance against certain pathogens ena-
bling them to adapt much faster to 
novel environmental conditions than by 
mutation and selection, host-microbe 
interactions may be considered as sig-
nificant drivers of animal evolution and 
diversification. This hypothesis is sup-
ported by at least three observations: (i) 
corals are associated with diverse mi-
crobiota (Rohwer et al., 2002; Bourne 
et al., 2008); (ii) the associated micro-
biota change in response to environ-
mental stress (Ritchie and Smith, 1995; 
Pantos et al., 2003) or seasons (Koren 
and Rosenberg, 2006); and (iii) corals 
are able to develop resistance against 
pathogens although they lack adaptive 
immune response (Reshef et al., 2006).  

CONCLUDING REMARKS 

The beneficial microbiota is a complex sential to the development, protection, 
and multifunction ecosystem that is es- and overall health of its host. Thus, the 
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microbiota appears to function as an 
extra organ, to which the host has out-
sourced numerous crucial metabolic, 
nutritional, and protective functions. 
Studies from Cnidaria to primates indi-
cate that the host’s role far outweighs 
other environmental factors in molding 
the composition of the microbiota. 
Antimicrobial peptides appear to be 
key factors for host-bacteria co-evolu-
tion and the driving force that leads to 
changes in microbiota composition.
Finally, and maybe most important, the 
dynamic relationship between symbi-
otic microorganisms and environmental 
conditions results in the selection of the 
most advantageous holobiont. In corals, 
changing their microbial partners may 
allow them to adapt to changing envi-
ronmental conditions much more rap-
idly than via mutation and selection 
(Figure 3).

Taken together, studying host-mi-
crobe interactions in basal metazoans is 
a challenging and exciting field of sym-

biosis research. Cnidaria not only offer 
valuable models for exploring the basis 
of interkingdom-communication and 
the role of bacterial signalling in ani-
mal development. Findings derived 
from the in vivo context of the Cnidaria 
models may also provide one of the 
simplest possible systems to address 
questions of how a stable host-microbe 
community is established and remains 
in balance over time. The uncovered 
basic molecular machinery can be 
transliterated to more complex organ-
isms, providing conceptual insights
into the complexity of host-microbe 
interactions. Symbiosis research in 
Cnidaria, therefore, is an emerging
field in which scientists from many dis-
ciplines can make fundamental discov-
eries and rapidly advance scientific un-
derstanding of a strictly microbe-de-
pendent life style and its evolutionary 
consequences while combining labora-
tory and field studies. 
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